The objective of this research is to demonstrate the advantage and characterize the thrust performance and the induced flow field generated by the TED plasma actuator with serrated electrode. The induced body force of the serrated TED plasma actuator was investigated on quiescent air, by measuring thrust of the induced jet. A time-resolved PIV was used to acquire a velocity field. From the results of the thrust measurement, it is confirmed that the serrated TED plasma actuator enhances the thrust compared to the straight-edge TED plasma actuator. The serrated TED also had a significantly better efficiency regarding power consumption compared to the straight-edge TED. From the PIV analysis, it is clearly found that the serrated TED plasma actuator generate uniform facing jet from both of the electrode, by the uniform generation of the plasma from the sawtooth vertexes.
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Introduction
The flow control devices that utilize atmospheric pressure discharge have been receiving attention in these years. Their advantages that "fully electronic driven with no moving parts, simplicity in structure, fast response, and ability to simulate their effect in numerical flow solvers 1) " are potentially ideal for the application to subsonic flow control. Therefore highly active researches have been carried out in these years, [1] [2] [3] on the mechanism of the flow actuation, efficiency, and applications for internal/external flows. Among the plasma-utilized flow control devices, the plasma actuator that utilizes single dielectric barrier discharge (SDBD) has been a mainstream configuration for the recent researches.
The basic SDBD plasma actuator would consist of a pair of electrodes isolated by a dielectric material. One of the electrodes is exposed to the air and the other is buried in a dielectric material so never contacts to the air. The electrodes are arranged in a staggered manner that shares a single edge, as shown in Fig. 1 (a) . By applying kV-kHz order AC voltage, the single dielectric barrier discharge occurs at the edge of the exposed electrode and the weakly ionized air, called "plasma" in this device, forms over the buried electrode. The ionized air and the formed electric field create a body force that acts on the air flowing over the actuator 1) . On the other hand, by those numerous researches on the plasma actuator and its application, the problems have been identified when this flow control device is applied to high speed and large scale flow problem. A major problem is that those plasma actuators lack sufficient output for flow control. These plasma actuators generate a small amount of body force and mass flow 4) . To obtain flow control ability suitable for practical use, the generated body force must be improved several orders of magnitude.
Our research objective is to develop high performance plasma actuator that can be utilized even in high-speed flow (~100 m/s) and for large scale object. One of the promising approaches is the deformation of discharge and electric field by utilizing another exposed electrode. This configuration of plasma actuator is called "trielectrode (TED)" plasma actuator.
Figure 1 (b) and (c) shows the general configurations of trielectrode plasma actuator. The trielectrode actuators have an additional exposed electrode, to which high DC voltage is applied, on the opposite edge of the buried electrode. We call this additional exposed electrode as "DC electrode" in this paper. Original exposed electrode for applying AC voltage is called as "AC electrode" to prevent confusion.
For trielectrode (TED) plasma actuator, the discharge phenomenon is deformed by varying DC voltage and their polarity. The case when positive DC voltage is applied to the DC electrode is called as TED-DBD plasma actuator. On the contrary, when negative DC voltage is applied, the discharge phenomenon called "sliding discharge (SD)" occurs. Figure 2 shows an example of the photograph of the sliding discharge on the TED plasma actuator. Sliding discharge has quite different visual features from SDBD, that those ionized air broadly spreads and covers the entire area of the dielectric surface on the buried electrode. In this paper, we call this configuration as TED-SD plasma actuator.
Basic characteristics of TED plasma actuator have been investigated in the past researches, on the electric aspect 5) and improvement of tangential thrust compared to SDBD plasma actuator 6) . These researches clarified that TED plasma actuator could extend the ionization region, and induce a vectored jet with similar velocities to SDBD plasma actuator.
Despite their advantage to gain larger thrust, these researches reported that the TED plasma actuator becomes inefficient at high DC voltage, because of the unevenly distributed discharges appear between the electrodes, as shown later. This is mainly due to the very small dent or flaw on the edge of the exposed electrode, as well as the nature of the discharge that has a characteristic length to form. To prevent this uneven distribution of the discharge, the intentional dent that is evenly spaced on the exposed electrode (serrated electrode) should be effective.
The objective of this research is to demonstrate the advantage and characterize the thrust performance and the induced flow field generated by the TED plasma actuator with serrated electrode. The induced body force of the serrated TED plasma actuator is investigated on quiescent air, by measuring thrust of the induced jet. A time-resolved PIV is used to acquire a velocity field in the quiescent air, to measure the induced jet structure.
Experimental Setup

Plasma actuator
In this research, two types of the trielectrode plasma actuator have been employed for experiment; one with straight-edge exposed electrodes and one with serrated-edge exposed electrodes. The image of the serrated electrodes are shown in Fig. 3 . In this research, the serration consisted of isosceles triangles. The distance between vertexes of the triangles, ds, was fixed at 1mm. Other dimensions and specifications of the trielectrode plasma actuator employed in this work are summarized in Table 1 . Figure 4 shows a schematic of the power supply of plasma actuator used in this study. A reference waveform of a high-voltage A C input was generated by a function generator and amplified by a solid-state high power amplifier, which increases input power up to 400 W, with the amplitude of 70 Vpp. By a high voltage transformer, the AC voltage attains amplitude up to 30 kV at a frequency of 5-15 kHz. The voltage and current of AC input was monitored by a digital oscilloscope. DC voltage was applied directly from the high voltage power supply (Matsusada Precision HAR-30), which can generate up to 30 kV with 10 mA of output.
Power supply
Thrust measurement
In this research, the thrust of the induced jet from the plasma actuator was measured, as a reaction of the aerodynamic force from the actuator, and was evaluated as an index of the flow control performance. The schematic of the apparatus for the thrust measurement is illustrated in Fig. 5 . The thrust of the plasma actuator was sensed by an analytical balance (Shimadzu AUW320) with a lever. Since TED plasma actuator generates vectored jet, we need to measure the magnitude of the thrust and their angle. In this experiment, two types of mounting base for actuator element were used to measure horizontal (tangential to the actuator surface) and vertical (perpendicular to the surface) thrust component separately, as shown in Fig. 5(a) and (b) . The lab balance was preloaded so that the balance was able to sense both negative and positive thrust. The reference of the thrust was set at the centerline of exposed electrodes on the dielectric surface.
PIV measurement
The measurements of the flow field induced from the plasma actuator were carried out by time-resolved Particle Image Velocimetry. The actuator element was placed in an atmospheric pressure chamber to keep the air quiescent. A high-speed camera (Photron FASTCAM SA-X2, 1024 x 1000 pixels) was used to capture the image of the illuminated particles. A light sheet, generated using a high-frequency Nd:YAG laser (Lee Laser LDP-20MQG), was placed perpendicular to the high-speed camera. In the current experiment, two fields of view were selected to analyze the nonuniformity of the jet over the span of the electrode. One is the front view (Fig. 6(left) ) that measure two components (x, y) of the velocity, Vx and Vy, above the surface of the discharge area. The other is the side view to measure Vx and z-component of the velocity Vz as shown in Fig. 6(right) . The field of view for each image was approximately 200 mm x 200 mm. Tracer of the flow was generated from the oil seeding generator (Seika/PIVTEC PIVpart14), that utilize dioctyl sebacate as ingredient. Integrated time-resolved PIV software (Seika Digital Image Koncerto II) was used to capture and process the PIV images. The PIV image sequences were acquired at rates of 1000 pairs per second for a total time of one second.
Results and Discussion
Baseline characteristics of SDBD and TED actuator
At first, the basic thrust characteristics of the SDBD plasma actuator and the straight-edge TED plasma actuator will be presented, in order to compare the characteristics of the serrated TED plasma actuator later in this section. In Fig. 7 , the thrust generated from the SDBD plasma actuator is plotted, as function of input AC voltage. Note that the horizontal thrust was measured for the SDBD plasma actuator, since it does not produce vertical thrust. The thrust improved with Vac increased, and follows a trend that is proportional to Vac 3.5 as reported 1) . At Vac = 15.6kVpp, the thrust was at 4.5 mN/m at this experiment. Figure 8 shows the changes in the thrust for the TED plasma actuator with straight electrodes, regarding applied DC voltage Vdc at fac = 16 kHz. In this paper, we focus on the case of the applied AC voltage was set at Vac = 15.6 kVpp to discuss their basic characteristics. The horizontal component of the thrust Th and the vertical component of the thrust Tv, as well as the absolute value of thrust (defined as Tabs = (Th ) are plotted. When Vdc = 0 kV, the absolute thrust measured at this condition was 4.37mN/m and 5.04 mN/m, to which only the horizontal thrust is contributed. These are approximately same as the thrust for the SDBD plasma actuator as shown in Fig. 7 . This is natural, since TED plasma actuator operated at Vdc = 0 kV becomes a completely identical configuration and conditions to SDBD plasma actuator. The small discrepancy in the thrust, between 4.37 and 5.04 mN/m, was acquired during the measurement cases for -23 < Vdc < 0 kV and 0 < Vdc < 23 kV. This is mainly due to the slight misalignment of the actuator on the balance, and enough small to characterize TED plasma actuator.
Figure 8 also shows that the thrust generated by the TED actuator depends on the applied DC voltage. This plot indicates the existence of several operational regimes regarding Vdc. When Vdc is positive (TED-DBD configuration), the thrust stays constant at lower voltage (Vdc < 10 kV). The thrust shows small local maxima at Vdc = 15 kV, and gradually decrease, mainly due to the decrease in the horizontal component around Vdc ~ 15 kV. Vertical component of the thrust starts to rise at this condition. At high Vdc, the vertical thrust rapidly increase, while the horizontal thrust shows a constant decrease through zero to negative, which means reversed thrust. Resulting the absolute thrust reached around 20 mN/m at maximum Vdc, 23 kV in this experiment.
Even when Vdc is negative (TED-SD configuration), the trend of the thrust characteristics is basically same as when Vdc is positive. The thrust shows slight rise up to Vdc = -10 kV, and sharply decreased. The thrust became zero at Vdc = -13 kV, relatively early compared to the positive Vdc case. The vertical component of the thrust constantly decrease, while the horizontal component stays small until Vdc ~ -19 kV. This indicates that the thrust of the TED-SD actuator reversed at the region -18 < Vdc < -13 kV. The amount of the absolute thrust was significantly enhanced at high (< -19 kV) Vdc regime, with the constant increase of the negative horizontal thrust, and rapid rise of the vertical thrust. The absolute thrust reached to about 25 mN/m, which is five times higher than the one from the SDBD plasma actuator at the same Vac.
Characteristics of the serrated TED plasma actuator
The standard TED plasma actuator, which has straight exposed electrodes, shows the improvement in thrust at high DC voltage regimes compared to SDBD actuator. However, the effectiveness of DC-voltage application is impeded by uneven plasma generation at those regimes. Figure 9 (left) shows the still images of the plasma, generated by the TED-DBD actuator with the straight electrodes at Vdc =23 kV. It is obvious that several bright spots that unevenly spaced appeared on the edge of AC electrode. This indicates that streamer type discharge occurred there at this condition. This uneven distribution of the streamer filament leads inefficient transfer of the energy from the discharge to fluid motion, so that the efficiency of thrust generation should be degraded.
On the other hand, the serrated TED-DBD actuator, which has sawtooth edges for both of the electrodes with 1mm spacing, generated spatially uniform discharge on the AC electrode as shown in Fig. 9(right) . The spanwise plasma distribution is significantly improved by placing the serration on the exposed electrode. This confirms the concept of the current study, and the improved performance of the induced jet is expected. For TED-SD actuator (shown in Fig. 10) , the uneven distribution of discharge showed improvement by employing the serrated electrode. In this case, the small scale filament of the sliding discharge still showed a non-uniform distribution. Figure 11 shows the changes in the thrust for the serrated TED plasma actuator regarding applied DC voltage. The conditions for AC voltage was identical to the standard straight-edge TED actuator shown in Fig. 8 , Vac = 15.6 kVpp and fac = 16 kHz. This plot shows that the serrated TED actuator enhances the thrust compared to the straight-edge TED actuator, especially at high Vdc region. At Vdc = 23 kV, the absolute thrust attained 45.5mN/m, which was about 2.4 times larger than the straight-edge TED actuator. The thrust was improved even in lower Vdc. At Vdc = 0, which means the SDBD condition, the thrust improved 1.6 times larger than the straight case. Figure 12 shows the thrust versus total power consumption for the SDBD/TED plasma actuator in the current experiment. Dashed line represents the linear regression of the power consumption characteristics of the SDBD plasma actuator. For the TED actuators, the efficiency is largely improved when the thrust is large at high DC voltage. The DC voltage application effectively contributes to the plasma generation at high DC voltage, while the lower DC voltage possibly mainly plays a role to accelerate ions generated from SDBD by deforming the electromagnetic field around DC electrode. In addition to that, the efficiency of the TED-SD actuator was low compared to the TED-DBD actuator. This suggests that the sliding discharge costs high compared to the TED-DBD discharge.
For the serrated TED actuator, the characteristics were entirely favorable compared to the straight-edge TED actuator. While the general trend of the efficiency curve is similar, the serrated TED actuator shows higher efficiency at almost all the conditions. When Vdc is positive, the efficiency becomes more than five times better than the SDBD actuator. In this case, the thrust can be generated by only small addition of the input energy. Figure 13 and 14 show the time-averaged velocity field of jet generated by the TED actuators. In this paper, we focus on the case when the high positive Vdc was applied. Figure 13 represents the x-velocity component (the velocity along with the flow direction of the SDBD jet: Vx) contours at the plane 2mm above the surface of the TED-DBD plasma actuator. The velocity vectors in the x-y plane is presented on the contours. Note that the SDBD jet has a positive velocity in this figure, from up to down, therefore the red area in the contours shows the region where the SDBD-type jet was generated, and the blue area shows the reversed flow region from the DC electrode to the AC, which is induced by the discharge on the DC electrode. Figure 14 is the absolute velocity (Vabs) contours in the side view (x-z plane) at the center of the actuator with the streamlines in the plane.
The velocity field clearly presents the positive effect of the serrated electrode on the induced jet. The serrated TED actuator, shown in Fig. 13(right) , generated uniform pattern of facing jet from both of the electrode. The induced jets collided at the center of the electrode even at lower voltage (Vdc = 18 kV). However, the jet from the straight-edge TED actuator induced strongly non-uniform flows at the same conditions. In Fig. 13 (a) the reversed flow region was partially generated by DC voltage application, while most of the span were covered with the SDBD-type jet. This nonuniformity did not disappear even at the highest Vdc tested in this study (Vdc = 23 kV, Fig. 13(b) ). This must affect the thrust performance of the straight-edge TED actuator. Figure 14 shows the induced jet enhancement by the serrated TED actuator. At Vdc = 23 kV, the jet from the straight-edge TED actuator encountered strong mixing due to the three-dimensionality of the induced flow, so that the jet was diffused. In the figures, this effect does not appear clearly, since the velocity contours were only taken at a single plane, y = 0 mm. Nevertheless, the serrated TED actuator generated strong jet at the same condition (Fig. 14(b) ), showing the stable opposed jet is generated from the uniformly distributed plasma from the sawtooth vertexes.
Summary
The objective of this research is to demonstrate the advantage and characterize the thrust performance and the induced flow field generated by the TED plasma actuator with serrated electrode. The induced body force of the serrated TED plasma actuator was investigated on quiescent air, by measuring thrust of the induced jet. A time-resolved PIV was used to acquire a velocity field in the quiescent air, to measure the induced jet structure. From the results of the thrust measurement, it is confirmed that the serrated TED plasma actuator enhances the thrust compared to the straight-edge TED plasma actuator, especially at high Vdc region. At Vdc = 23 kV, the thrust attained 45.5 mN/m, which is about 2.4 times larger than straight-edge TED plasma actuator. The serrated TED plasma actuator had a significantly better efficiency regarding power consumption compared to the straight-edge TED. The efficiency became more than five times better than the SDBD plasma actuator, indicating that the thrust can be generated by only small addition of the input energy.
From the PIV analysis, it was clearly found that the serrated TED plasma actuator generate a uniform pattern of facing jet from both of the electrode, because of the uniform generation of the plasma from the sawtooth vertexes. On the other hand, the jet from the straight-edge TED plasma actuator induced strongly non-uniform flows at the same conditions.
The concept confirmed in this study is universal, so that applicable even for the standard SDBD plasma actuator. We believe that this concept has an advantage for various types of plasma actuator, and aerodynamic application that stable induced jet is required. 
